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(57) ABSTRACT

In a switching power supply device with reduced size and
increased power conversion efficiency, a first resonant circuit
including a series resonant inductor and a series resonant
capacitor, and a second resonant circuit including a series
resonant inductor and a series resonant capacitor, are caused
to resonate with each other to cause sympathetic vibration of
each resonant circuit, such that transmission is performed by
utilizing both magnetic field coupling and electric field cou-
pling between a primary winding and a secondary winding.
Operation at a switching frequency higher than a specific
resonant frequency of an overall multi-resonant circuit allows
a ZVS operation to be performed, enabling a significant
reduction in switching loss and high-efficiency operation.
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1
SWITCHING POWER SUPPLY DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a switching power supply
device that includes a switching element on a primary side
and a rectifier circuit on a secondary side and that performs
power transmission by using the electromagnetic field reso-
nance phenomenon.

2. Description of the Related Art

With recent progress toward compact and lightweight elec-
tronic devices, market demand for high-efficiency, compact,
and lightweight switching power supplies has increasingly
grown. For example, current resonant half-bridge converters
that cause a transformer to operate in response to a sinusoidal
resonant current flowing therethrough by using an L.C reso-
nance phenomenon have been increasingly put into practical
use in markets of goods such as flat-screen televisions with
comparatively moderated output current ripple characteris-
tics, while taking advantage of the feature of high efficiency.

For example, an LC series resonant DC-DC converter is
disclosed in Japanese Unexamined Patent Application Publi-
cation No. 9-308243. FIG. 1 is a basic circuit diagram of a
switching power supply device in Japanese Unexamined
Patent Application Publication No. 9-308243. The disclosed
switching power supply device is a current resonant type
half-bridge DC/DC converter, and an L.C resonant circuit
composed of an inductor Lr and a capacitor Cr and two
switching elements Q1 and Q2 are connected to a primary
winding np of a transformer T. A rectifying and smoothing
circuit composed of diodes Ds1 and Ds2 and a capacitor Co is
constructed at secondary windings ns1 and ns2 of the trans-
former T.

With the configuration described above, the switching ele-
ments Q1 and Q2 are alternately turned on and off with a dead
time, and the current waveform flowing through the trans-
former T is a sinusoidal resonant waveform. Further, power is
transmitted from the primary side to the secondary side dur-
ing both on periods and off periods of the two switching
elements Q1 and Q2.

However, in the switching power supply device of Japa-
nese Unexamined Patent Application Publication No.
9-308243, the transformer is used as an insulating trans-
former that utilizes electromagnetic induction, and is merely
utilized as a transformer that utilizes magnetic coupling. In a
transformer that utilizes electromagnetic induction, the mag-
netic flux generated by a current flowing through the primary
winding is linked to the secondary winding to cause a current
to flow through the secondary winding, and efficient conver-
sion from electricity to magnetism and further to electricity is
important. In general, the proportion of the magnetic fluxes
linked to the secondary winding in the magnetic fluxes gen-
erated by the current flowing through the primary winding is
called the degree of (magnetic) coupling. In a transformer that
utilizes electromagnetic induction, it is important to increase
the degree of magnetic coupling in order to increase power
conversion efficiency. However, the degree of magnetic cou-
pling of the transformer may be difficult to increase because
magnetic saturation is prevented or because of physical con-
straints, resulting in power conversion efficiency being
reduced.

In the switching power supply device of Japanese Unex-
amined Patent Application Publication No. 9-308243, fur-
thermore, since frequency control and PFM (Pulse Frequency
Modulation) control are used for control of its output, it is
necessary to design a smoothing circuit in accordance with
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the minimum operating frequency, which hinders compact-
ness. In addition, in view of operation on the order of MHz for
miniaturization of magnetic components, changes in operat-
ing frequency result in a significant problem in terms of the
controllability of output, EMC (electromagnetic compatibil-
ity), and so forth.

SUMMARY OF THE INVENTION

Preferred embodiments of the present invention provide a
switching power supply device with reduced size and
increased power conversion efficiency.

According to a preferred embodiment of the present inven-
tion, a switching power supply device includes an electro-
magnetic field coupling circuit including a primary winding
and a secondary winding; a primary-side alternating-current
voltage generating circuit including switching circuits con-
nected to the primary winding, each of the switching circuits
including a parallel connection circuit which includes a
switching element, a diode, and a capacitor, the primary-side
alternating-current voltage generating circuit generating an
alternating-current voltage from an input direct-current volt-
age; a secondary-side rectifier circuit that rectifies the alter-
nating-current voltage into a direct-current voltage; a first
resonant circuit on a primary side, the first resonant circuit
including a first series resonant inductor and a first series
resonant capacitor; a second resonant circuit on a secondary
side, the second resonant circuit including a second series
resonant inductor and a second series resonant capacitor; and
a switching control circuit that alternately turns on and off the
switching elements of the primary-side alternating-current
voltage generating circuit with a dead time to generate an
alternating-current voltage having a substantially square or
trapezoidal wave shape, wherein the switching control circuit
causes the switching elements of the primary-side alternat-
ing-current voltage generating circuit to perform a switching
operation at a switching frequency higher than a specific
resonant frequency at which impedance for a multi-resonant
circuit becomes minimum, the multi-resonant circuit being a
combination of the first resonant circuit and the second reso-
nant circuit which includes the electromagnetic field coupling
circuit, so that a current flowing into the multi-resonant cir-
cuit has a sinusoidal resonant current waveform that is
delayed from the alternating-current voltage generated from
the primary-side alternating-current voltage generating cir-
cuit and power is transmitted from the primary side to the
secondary side through the electromagnetic field coupling
circuit in both on periods and off periods of the switching
elements, the electromagnetic field coupling circuit defines
an electromagnetic field resonant circuit in which magnetic
field coupling through mutual inductance and electric field
coupling through mutual capacitance are mixed between the
primary winding and the secondary winding, and the first
resonant circuit and the second resonant circuit resonate with
each other to allow power to be transmitted from the primary
side to the secondary side of the electromagnetic field cou-
pling circuit.

The switching control circuit preferably makes the switch-
ing frequency of the primary-side alternating-current voltage
generating circuit constant, and controls an on-period propor-
tion of a plurality of switching circuits to adjust an output
power to be obtained from the secondary-side rectifier circuit,
where a period during which current is conducted through the
switching circuit is represented by an on period and a remain-
ing period is represented by an off period.

The switching control circuit preferably changes the
switching frequency of the primary-side alternating-current
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voltage generating circuit to control an on-period proportion
of'the switching elements so as to adjust an output power to be
obtained from the secondary-side rectifier circuit.

Preferably, the secondary-side rectifier circuit stores the
voltage generated in the secondary winding in the second
resonant capacitor as electrostatic energy during the on peri-
ods or the off periods or during both the on periods and the off
periods, adds voltages generated in the secondary winding
during the respective on periods and off periods, and outputs
the sum as a direct-current voltage.

Preferably, one or both of the first series resonant capacitor
and the second series resonant capacitor holds a direct-cur-
rent voltage.

Preferably, a parallel resonant capacitor is provided in par-
allel to the primary winding or the secondary winding.

Preferably, the parallel resonant capacitor is defined by a
stray capacitance of the primary winding or the secondary
winding.

Preferably, the mutual capacitance is defined by stray
capacitance generated between the primary winding and the
secondary winding.

Preferably, the first series resonant inductor or the second
series resonant inductor is defined by a leakage inductance of
the electromagnetic field coupling circuit.

Preferably, the mutual inductance is defined by magnetiz-
ing inductance equivalently generated between the primary
winding and the secondary winding.

Preferably, the switching circuits are MOSFETs, for
example.

Preferably, a rectifying element that is included in the
secondary-side rectifier circuit and that rectifies the alternat-
ing-current voltage into a direct-current voltage is a MOS-
FET, for example.

Preferably, when power is transmitted from an output unit
of'the secondary-side rectifier circuit, the secondary-side rec-
tifier circuit operates as the primary-side alternating-current
voltage generating circuit and the primary-side alternating-
current voltage generating circuit operates as the secondary-
side rectifier circuit, and two-way power transmission is pos-
sible.

The primary winding preferably is a winding disposed on a
primary side of a transformer including a magnetic core, and
the secondary winding is a winding disposed on a secondary
side of the transformer.

The primary winding preferably is a power transmission
coil disposed in a power transmission device, and the second-
ary winding is a power reception coil disposed in a power
reception device arranged to face the power transmission
device.

According to various preferred embodiments of the present
invention, an L.C resonant circuit is disposed on each of the
primary side and secondary side. The two L.C resonant cir-
cuits are caused to resonate with each other, so that power
transmission can be performed by utilizing magnetic field and
electric field coupling between the primary winding and the
secondary winding. In addition, with the resonance phenom-
enon allows only the real power to be transmitted from the
primary side to the secondary side while the reactive power
circulates in the L.C resonant circuits on both the primary side
and the secondary side, resulting in very small power loss.
Furthermore, as to the switching frequency, switching ele-
ments in an overall multi-resonant circuit in which a primary-
side resonant circuit and a secondary-side resonant circuit,
which include an electromagnetic field coupling circuit, are
combined are turned on and off at a frequency higher than a
specific resonant frequency thereof at which the input imped-
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4

ance becomes minimum, thus enabling the switching element
to perform a zero voltage switching (ZVS) operation.

The above and other elements, features, steps, characteris-
tics and advantages of the present invention will become more
apparent from the following detailed description of the pre-
ferred embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a basic circuit diagram of a switching power
supply device in Japanese Unexamined Patent Application
Publication No. 9-308243.

FIG. 2 is a circuit diagram of a switching power supply
device 101 according to a first preferred embodiment of the
present invention.

FIG. 3 is a waveform diagram of the voltages and currents
of the individual units of the switching power supply device
101 illustrated in FIG. 2.

FIG. 4 is a circuit diagram of a switching power supply
device 102 according to a second preferred embodiment of
the present invention.

FIG. 5A is a waveform diagram of the voltages and cur-
rents of the individual units of the switching power supply
device 102. FIG. 5B is a waveform diagram of the voltages
and currents of the individual units of the switching power
supply device illustrated in FIG. 1.

FIG. 6 is a circuit diagram of a switching power supply
device 103 according to a third preferred embodiment of the
present invention.

FIG. 7 is a circuit diagram of a switching power supply
device 104 according to a fourth preferred embodiment of the
present invention.

FIG. 8 is a circuit diagram of a switching power supply
device 105 according to a fifth preferred embodiment of the
present invention.

FIG. 9 illustrates the waveforms of a voltage input to a
series resonant capacitor Cr illustrated in FIG. 8.

FIG. 10 is a diagram illustrating a relationship of an on-
time proportion D that is the proportion of a conduction
period of a switching circuit S1 in a switching period and an
on-period proportion Da that is the proportion of a conduction
period of a switching circuit S2 to the conduction period of
the switching circuit S1 with respect to an output voltage Vo.
Here, the solid line indicates characteristic curve of the on-
period proportion Da, and the broken line indicates the char-
acteristic curve of the on-time proportion D.

FIG. 11 is a circuit diagram of a switching power supply
device 106 according to a sixth preferred embodiment of the
present invention.

FIG. 12 is a circuit diagram of a switching power supply
device 107 according to a seventh preferred embodiment of
the present invention.

FIG. 13 is a circuit diagram of a switching power supply
device 108 according to an eighth preferred embodiment of
the present invention.

FIG. 14 is a circuit diagram of a switching power supply
device 109 according to a ninth preferred embodiment of the
present invention.

FIG. 15 is a circuit diagram of a switching power supply
device 110 according to a tenth preferred embodiment of the
present invention.

FIG. 16 is a circuit diagram of a switching power supply
device 111 used as an electric power transmission system
according to an eleventh preferred embodiment of the present
invention.
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FIG. 17 is a circuit diagram of a switching power supply
device 112 used as an electric power transmission system
according to a twelfth preferred embodiment of the present
invention.

FIG. 18 is a circuit diagram of a switching power supply
device 113 used as an electric power transmission system
according to a thirteenth preferred embodiment of the present
invention.

FIG. 19 is a circuit diagram of a switching power supply
device 114 used as an electric power transmission system
according to a fourteenth preferred embodiment of the
present invention.

FIG. 20 is a circuit diagram of a switching power supply
device 115 used as an electric power transmission system
according to a fifteenth preferred embodiment of the present
invention.

FIG. 21 is a circuit diagram of a switching power supply
device 116 used as an electric power transmission system
according to a sixteenth preferred embodiment of the present
invention.

FIG. 22 is a circuit diagram of a switching power supply
device 117 used as an electric power transmission system
according to a seventeenth preferred embodiment of the
present invention.

FIG. 23 is a circuit diagram of a switching power supply
device 118 used as an electric power transmission system
according to an eighteenth preferred embodiment of the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Preferred Embodiment

FIG. 2 is a circuit diagram of a switching power supply
device 101 according to a first preferred embodiment of the
present invention.

The switching power supply device 101 is a circuit includ-
ing an input unit to which an input power supply Vi is input,
and an output unit from which stable direct-current power is
supplied to aload Ro. The switching power supply device 101
includes the units described below.

An electromagnetic field coupling circuit 90 includes a
transformer including a primary winding np and a secondary
winding ns.

A switching circuit S1 including a switching element Q1,
and a switching circuit S2 including a switching element Q2,
which are connected to the primary winding np, are also
provided.

Rectifier diodes D3 and D4 and a smoothing capacitor Co,
which are connected to the secondary winding ns, are pro-
vided.

A first LC series resonant circuit is connected to the pri-
mary winding np and defined by a series resonant inductor Lr
and a series resonant capacitor Cr.

A second LC series resonant circuit is connected to the
secondary winding ns and defined by a series resonant induc-
tor Lrs and a series resonant capacitor Crs.

A multi-resonant circuit 40 includes the electromagnetic
field coupling circuit 90 and is constituted by a first .C series
resonant circuit and a second LC series resonant circuit.

A switching control circuit 10 is connected to the switching
elements Q1 and Q2.

An insulation circuit 30 feeds back a detection signal of an
output voltage to be output to the load Ro to the switching
control circuit 10.
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A parallel resonant capacitor Cp is connected in parallel to
the primary winding np.

A parallel resonant capacitor Cs is connected in parallel to
the secondary winding ns.

A mutual capacitance Cm is connected between the pri-
mary winding np and the secondary winding ns.

The electromagnetic field coupling circuit defines a elec-
tromagnetic field coupling circuit (electromagnetic field reso-
nant circuit) in which magnetic field coupling and electric
field coupling are merged together. The series resonant
capacitors Cr and Crs also define capacitors that hold a direct-
current voltage.

On the primary side, the capacitor Cr is charged during a
conduction period of the switching element Q1, and the
capacitor Cr is discharged during a conduction period of the
switching element Q2. On the secondary side, the capacitor
Crs is discharged during the conduction period of the switch-
ing element Q1, and the capacitor Crs is charged with a
voltage generated in the secondary winding ns as electrostatic
energy during the conduction period of the switching element
Q2. The voltages at the secondary winding ns generated dur-
ing the conduction periods of the switching elements Q1 and
Q2 are added, and the sum is output. A circuit including the
rectifier diodes D3 and D4 and the capacitor Crs defines an
adder-rectifier circuit 80 that performs charging/discharging
and rectification.

Note that an inductor Lm on the primary side may be an
inductor serving as a component or may be arepresentation of
a magnetizing inductance of the primary winding np of the
transformer T. Similarly, the primary-secondary capacitance
Cm may be a capacitance serving as a component or may be
a representation of mutual capacitance that is a stray capaci-
tance of the transformer T.

In FIG. 2, a portion surrounded by a thick broken line
defines the electromagnetic field coupling circuit 90, and a
portion surrounded by a thin broken line defines the multi-
resonant circuit 40. In the multi-resonant circuit 40, which
includes the electromagnetic field coupling circuit 90, the two
LC resonant circuits on the primary side and the secondary
side perform a resonant operation.

A non-limiting example of a specific operation of a pre-
ferred embodiment of the present invention is described
below.

The first resonant circuit including Lr-Cr and the second
resonant circuit including Lrs-Crs resonate with each other to
cause sympathetic vibration of each resonant circuit, and two
types of coupling, specifically, magnetic field coupling pro-
duced by mutual inductance and electric field coupling pro-
duced by mutual capacitance between the primary winding
np and the secondary winding ns, are utilized to perform
power transmission. Note that, in FIG. 2, the magnetizing
inductance of the transformer T is utilized as mutual induc-
tance (Lm) and no circuit element is illustrated.

The capacitors Cp and Cs accelerate power transmission
based on electromagnetic field coupling. That is, the capaci-
tors Cp and Cs and the mutual capacitance Cm define a power
transmission circuit based on m-type electric field coupling, to
transmit power. The mutual capacitance Cm also defines,
together with the resonant capacitors Cr and Crs, a power
transmission circuit based on electric field coupling.

Further, the capacitors Cp and Cs divide the resonant cur-
rent ir flowing through the resonant capacitor Cr to a flow of
current into a parallel capacitor of the switching circuit (a
capacitor connected in parallel to the switching elements Q1
and Q2) and a flow of current into the capacitor Cp on the
primary side in a commutation period during which the
switching elements are turned off. As the resonant current ir
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increases, the current flowing through the capacitor Cp
increases, making the current flowing through the parallel
capacitance of the switching circuit during the commutation
period substantially constant. By appropriately setting the
capacitance of the capacitor Cp, itis possible to correct for the
difference between the dead time period and the commutation
period with respect to variation of the output power. Also on
the secondary side, as the resonant current on the secondary
side increases, the current flowing through the capacitor Cs
increases. By appropriately setting the capacitance of the
capacitor Cs, it is possible to correct for the difference
between the dead time period and a period during which the
current path is switched between the diode D3 and the diode
D4 with respect to variation of the output power.

The switching elements Q1 and Q2 are alternately turned
on and off with a dead time so as to shape the direct-current
voltage Vi into a voltage waveform of a square or trapezoidal
wave shape. The rectifier diodes D3 and D4 are alternately
brought into a conductive state so as to shape the voltage
waveform of a square or trapezoidal wave shape into a direct-
current voltage.

The two resonant circuits on the primary side and second-
ary side resonate with each other at a switching frequency fs
of the switching elements Q1 and Q2. The multi-resonant
circuit 40 is constituted by the two resonant circuits on the
primary side and secondary side, which include the electro-
magnetic field coupling circuit 90. The multi-resonant circuit
40 has a specific resonant frequency fr at which the synthetic
impedance of the multi-resonant circuit 40 becomes mini-
mum. The switching frequency fs and the resonant frequency
frapproach and resonate so as to increase the currents flowing
through the two resonant circuits and increasing the output
power. That is, the switching elements are turned on and off at
a switching frequency fs higher than the specific resonant
frequency fr of the overall multi-resonant circuit 40 in which
the primary-side resonant circuit and the secondary-side reso-
nant circuit, which include the electromagnetic field coupling
circuit, are combined, and the switching frequency fs
approaches and resonates with the specific resonant fre-
quency fr, so as to increase the current that flows into the
multi-resonant circuit and increase the output power.

In contrast, in the case of operation with the switching
frequency fs fixed, the output power increases as an on-period
ratio Da that is the proportion of the conduction periods of the
two switching circuits approaches Da=1, that is, as an on-
period proportion D of the converter, which is the proportion
of the conduction period of the first switching circuit S1 in
one switching period, approaches D=0.5.

The capacitors Cr and Crs on the primary side and the
secondary side serve two functions, namely, the operation of
holding a direct-current voltage and the resonant operation.

The electromagnetic field coupling circuit 90 in FIG. 2 may
be constituted by parasitic components of the transformer T,
such as the magnetizing inductance L.m of the primary wind-
ing np of the transformer T, a magnetizing inductance Lms of
the secondary winding ns, the series resonant inductors Lr
and Lrs, and the capacitors Cp and Cs. In this case, the
transformer can be referred to as a complex resonant trans-
former in which the function of a transformer capable of
electrical insulation and electrical parameters such as those of
resonant inductors and resonant capacitors are integrated, and
can be used as an electromagnetic field coupling device.

FIG. 3 is a waveform diagram of the voltages and currents
of the individual units of the switching power supply device
101 illustrated in FIG. 2. The operations of the switching
power supply device 101 at individual timings are as follows.
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The magnetizing inductance and magnetizing current of
the primary winding np of the transformer T are represented
by Lm and im, respectively. The gate-source voltages of the
switching elements Q1 and Q2 are represented by vgs1 and
vgs2, respectively, the drain-source voltages thereof are rep-
resented by vds1 and vds2, respectively, and the drain current
of'the Q1 is represented by id1. The Q1 and Q2 are alternately
turned on and off with a short dead time during which both
switching elements are turned off, and commutate the cur-
rents flowing through the Q1 and Q2 during the dead time
period to perform a zero voltage switching (ZVS) operation.
The operations in individual states during one switching
period will be given below.

[1] State 1: time t0 to time t1

The switching element Q1 is brought into a conductive
state, a current flows through the winding np, and the capaci-
tor Cr is charged. The diode D3 is brought into a conductive
state, and a voltage is induced in the winding ns by the voltage
applied to the winding np. The voltage induced in the winding
ns and the voltage across the capacitor Crs are added, and a
voltage is applied to the load. The capacitor Crs is discharged,
and a current is supplied. When the switching element Q1 is
turned off, State 2 occurs.

[2] State 2: time t1 to t2

The parallel capacitor (parasitic capacitance) of the switch-
ing element Q1 is charged by the current it flowing through
the inductor Lr, and the parallel capacitor (parasitic capaci-
tance) of the switching element Q2 is discharged. When the
voltage vds1 becomes equal to the voltage Vi and the voltage
vds2 becomes equal to 0V, State 3 occurs.

[3] State 3: time t2 to time t3

The parallel diode of the switching element Q2 is brought
into a conductive state. In this period, the switching element
Q2 is turned off and consequently a ZVS operation is per-
formed. When the current flowing through the diode D3
becomes equal to 0 A, State 4 occurs.

[4] State 4: time t3 to time t4

The switching element Q2 is brought into a conductive
state, a current flows through the winding np, and the capaci-
tor Cr is discharged. The diode D4 is brought into a conduc-
tive state, a voltage is induced in the winding ns by the voltage
applied to the winding np, and the capacitor Crs is charged.
The voltage at the capacitor Co is applied to the load, and a
current is supplied. In this way, the current ir flowing through
the inductor Lr is formed into a sinusoidal resonant current
waveform. When the current flowing through the diode D4
becomes equal to 0, State 5 occurs.

[5] State 5: time t4 to time t5

On the primary side, the magnetizing current im of the
transformer flows and becomes equal to the current ir. On the
secondary side, the voltage at the capacitor Co is applied to
the load, and a current is supplied. When the Q2 is turned off,
State 6 occurs.

[6] State 6: time t5 to time t0

The parallel capacitor (parasitic capacitance) of the switch-
ing element Q1 is discharged by the current ir flowing through
the inductor Lr, and the parallel capacitor (parasitic capaci-
tance) of the switching element Q2 is charged. When the
voltage vdsl becomes equal to 0 V and the voltage vds2
becomes equal to a voltage of Vi, State 1 occurs.

Thereafter, States 1 to 6 are repeated periodically.

The switching control circuit 10 performs the following
control.

For the overall multi-resonant circuit in which the primary-
side resonant circuit and the secondary-side resonant circuit,
which include an electromagnetic field coupling circuit, are
combined, the switching frequency is increased compared to
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the specific resonant frequency fr at which the input imped-
ance becomes minimum. Accordingly, the multi-resonant cir-
cuit becomes inductive at that switching frequency. This
enables the phase of the current flowing through the inductor
Lr to be delayed with respect to the voltage phase of the
alternating-current voltage of a square wave (trapezoidal
wave) shape generated by the primary-side alternating-cur-
rent voltage generating circuit. Thus, the switching element
Q1 can be turned on with the voltage Vds1 of the switching
element Q1 being 0. Similarly, the switching element Q2 can
be turned on with the voltage vds2 of the switching element
Q2being 0. That is, a ZVS (zero voltage switching) operation
is performed, thus enabling a significant reduction in switch-
ing loss and high-efficiency operation. In addition, because of
operation performed at a switching frequency higher than the
resonant frequency fr within an entire load range, a zero
voltage switching (ZVS) operation can be implemented over
the entire load range.

The switching frequency of the primary-side alternating-
current voltage generating circuit is made constant, and the
proportion of the conduction periods of the switching circuit
including the switching element Q1 and the switching circuit
including the switching element Q2, that is, the on-period
ratio, is controlled to adjust the output power to be obtained
from the secondary-side rectifier circuit.

Alternatively, the on-period ratio of the switching elements
Q1 and Q2 is set to 1, and the switching elements Q1 and Q2
are controlled so that the switching frequency of the primary-
side alternating-current voltage generating circuit is changed,
s0 as to adjust the output power obtained from the secondary-
side rectifier circuit.

Furthermore, the on-period ratio control and the switching
frequency control described above are combined to perform
control so that optimum control characteristics can be
obtained, thereby adjusting the output power obtained from
the secondary-side rectifier circuit.

According to the first preferred embodiment, the following
advantages are achieved.

An electromagnetic field coupling circuit (electromagnetic
field resonant circuit) in which magnetic field coupling and
electric field coupling are merged together is provided by
using resonance on the primary side and the secondary side,
so as to provide higher power transmission efficiency than
that in a case where power transmission is performed only by
using magnetic field coupling, and enabling high-efficiency
operation.

For the overall multi-resonant circuit in which the primary-
side resonant circuit and the secondary-side resonant circuit,
which include an electromagnetic field coupling circuit, are
combined, the switching frequency is set higher than the
specific resonant frequency fr at which the input impedance
becomes minimum, so as to allow a ZVS (zero voltage
switching) operation to be performed in the manner described
above, thus enabling a significant reduction in switching loss
and high-efficiency operation.

The secondary winding voltages generated during the on
periods and the off periods of the switching elements on the
primary side are added and the sum is output as a direct-
current voltage, so as to enable a stable output voltage with
on-period ratio control (PWM control) at a constant switch-
ing frequency.

The secondary winding voltages generated during the on
periods and the off periods of the switching elements on the
primary side are added and the sum is output as a direct-
current voltage, so as to reduce the voltage to be applied to the
rectifier to half that in the case of a center-tap rectifier and
reducing loss.
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An electromagnetic field coupling circuit is defined using a
leakage inductance, a magnetizing inductance, a stray capaci-
tance, a mutual capacitance, and the like of the transformer.
Therefore, a converter can be constructed using a small num-
ber of components, and compact and lightweight design can
be achieved.

The capacitors Cr and Crs on the primary side and the
secondary side play two roles, namely, the operation of hold-
ing a direct-current voltage and the resonant operation, so as
to convert a direct-current voltage into an alternating-current
voltage while, and to perform a resonant operation as reso-
nant capacitance that forms a multi-resonant circuit. There-
fore, the number of components can be reduced. In addition,
on-period ratio control (PWM control) at a constant switch-
ing frequency can be performed.

The capacitors Cp and Cs define, together with the mutual
capacitance, a power transmission circuit based on m-type
electric field coupling, and accelerate power transmission
based on electromagnetic field coupling. Furthermore, by
appropriately setting the capacitances Cp and Cs, it is pos-
sible to correct for the difference between the dead time
period and the commutation period with respect to variation
of the output power.

Second Preferred Embodiment

FIG. 4 is a circuit diagram of a switching power supply
device 102 according to a second preferred embodiment of
the present invention. In this example, unlike the switching
power supply device 101 according to the first preferred
embodiment, FET-type switching elements Q3 and Q4 are
preferably disposed instead of the rectifier diodes D3 and D4
on the secondary side. That is, the switching elements Q3 and
Q4 define a secondary-side rectifier circuit. The switching
elements Q3 and Q4 each include a diode (parasitic diode)
and a capacitor (parasitic capacitance) in parallel, and consti-
tute switching circuits S3 and S4, respectively. In addition, a
capacitor Ci is disposed in a power supply input unit. A
switching control circuit 20 controls the switching elements
Q3 and Q4 on the secondary side.

The magnetizing inductances Lm and Lms of the primary
winding np and the secondary winding ns of the transformer
T, and the parasitic capacitances and parasitic diodes of the
switching elements Q1, Q2, Q3, and Q4 are not illustrated.

The switching control circuit 20 on the secondary side
turns on and off the switching element Q3 in synchronization
with the switching element Q1 on the primary side, and turns
on and off the switching element Q4 in synchronization with
the switching element Q2 on the primary side. That is, the
switching control circuit 20 performs synchronous rectifica-
tion. The overall operation of the switching power supply
device 102 is similar to that of the switching power supply
device 101 illustrated in the first preferred embodiment.

FIG. 5A is a waveform diagram of the voltages and cur-
rents of the individual units of the switching power supply
device 102. FIG. 5B is a waveform diagram of the voltages
and currents of the individual units of the switching power
supply device illustrated in FIG. 1. Here, vds1 represents the
drain-source voltage of the switching element Q1, it repre-
sents the current flowing through the capacitor Cr, Vd3 rep-
resents the voltage across the switching element Q3, id3
represents the current flowing through the switching element
Q3, and id4 represents the current flowing through the switch-
ing element Q4.

As the difference between FIG. 5A and FIG. 5B can be
seen, in the existing method for center-tap rectification, a
current flows through only one of two rectifier diodes, result-
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ing in an unstable operation. A peak value of the current
flowing through the rectifier diode and an effective current
value increase, resulting in an increase in conduction loss. In
the switching power supply device according to the second
preferred embodiment, furthermore, the voltages applied to
the switching elements Q3 and Q4 on the secondary side are
substantially equal to the output voltage, whereas, in the
existing method for center-tap rectification, it is found that a
voltage that is twice as large as the output voltage is applied.
According to the second preferred embodiment, a rectifying
element with a small withstand voltage can be used by reduc-
ing voltage stress. In general, a diode element with a small
withstand voltage has a small forward voltage drop, and a
FET with a small withstand voltage has a small on-resistance.
Thus, conduction loss caused by the flow of current can be
reduced, enabling high-efficiency operation.

As can be seen in FIG. 4, the switching power supply
device 102 according to the second preferred embodiment has
a symmetric topology between the input and output. Thus,
when power is transmitted from the output unit of the sec-
ondary-side rectifier circuit, the secondary-side rectifier cir-
cuit operates as a primary-side alternating-current voltage
generating circuit, and the primary-side alternating-current
voltage generating circuit defined by the switching elements
Q1 and Q2 operates as a secondary-side rectifier circuit. This
enables two-way power transmission from the primary sideto
the secondary side and from the secondary side to the primary
side of the transformer T.

For example, in a case where the load Ro is a rechargeable
battery or an accumulation capacitance or is a circuit includ-
ing its charge/discharge control circuit, power is transmitted
from the primary side to the secondary side of the transformer
T, so as to allow the rechargeable battery to be charged. When
a load circuit is connected to a portion to which the input
power supply Vi is connected in FIG. 4, the rechargeable
battery or the accumulation capacitance can be used as an
input power supply, and the direction of power transmission
can bereversed, enabling power transmission from secondary
side to the primary side of the transformer T.

According to the second preferred embodiment, in addi-
tion to the advantages described above in the first preferred
embodiment, the following advantages are achieved.

The FET-type switching elements Q3 and Q4 perform a
synchronous rectification operation so as to reduce the for-
ward drop voltage and reducing conduction loss in the recti-
fier circuit.

The operation of a two-way converter that transmits power
in a reverse direction in which the primary side and the
secondary side are interchanged can be performed.

Third Preferred Embodiment

FIG. 6 is a circuit diagram of a switching power supply
device 103 according to a third preferred embodiment. In this
example, capacitors Cil and Ci2 that divide the voltage at the
input power supply Vi, and capacitors Cisl and Cis2 that
divide the output voltage Vo are provided. Here, the inductors
Lm and Lms, which are the magnetizing inductances of the
primary winding np and the secondary winding ns of the
transformer T or external inductances, are illustrated. The
other components are similar to those in the second preferred
embodiment illustrated in FIG. 4.

In the third preferred embodiment, the input voltage Vi is
divided by the capacitors Cil and Ci2, and the output voltage
Vo is divided by the capacitors Cisl and Cis2. Since the
capacitors Cil and Cis1 divide a direct-current input voltage,
the capacitors Cil and Cisl serve to hold a direct-current
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voltage. Thus, the series resonant capacitors Cr and Crs oper-
ate as capacitors for resonance, and do not serve to hold a
direct-current voltage, that is, do not serve to bias the direct-
current voltage component and perform a resonant operation.
The overall converter operation is as given in the first pre-
ferred embodiment.

According to the third preferred embodiment, in addition
to the advantages described above in the first and second
preferred embodiments, the following advantages are
achieved.

The input power supply Vi is divided into voltages at the
capacitors Cil and Ci2, and a current flows from the input
power supply Vi to the capacitors Cil and Ci2 in both cycles
during which the switching elements Q1 and Q2 are turned on
and off. The effective value of the input current flowing from
the input power supply Vi is reduced, and conduction loss
caused in the current paths is reduced.

Similarly to the advantage described above, the output
voltage Vo is divided into voltages at the capacitors Cis1 and
Cis2. The effective value of the current flowing from the
capacitors Cisl and Cis2 to the output voltage Vo in both
cycles during which the switching elements Q1 and Q2 are
turned on and off'is reduced, and conduction loss is reduced.

Fourth Preferred Embodiment

FIG. 7 is a circuit diagram of a switching power supply
device 104 according to a fourth preferred embodiment. In
this example, capacitors Crl and Cr2 that divide the voltage at
the input power supply Vi, and capacitors Crs1 and Crs2 that
divide the output voltage Vo are provided. That is, the series
resonant capacitor Cr in the switching power supply device
illustrated in the second preferred embodiment is divided into
Crl1 and Cr2, and the series resonant capacitor Crs is divided
into Crsl and Crs2. Here, an equivalent mutual inductance
Lm generated between the primary winding np and the sec-
ondary winding ns of the transformer T is illustrated, and the
transformer T including the primary winding np and the sec-
ondary winding ns is illustrated as an ideal transformer. In a
case where the transformer T is configured as an ideal trans-
former, the inductor Lr, the inductor Lrs, and the capacitors
Cp and Cs can be formed as independent circuit elements. In
addition, the electromagnetic field coupling circuit 90 itself
can be provided by an independent complex resonant trans-
former by using a parasitic element of the transformer T. The
other components are similar to those in the second preferred
embodiment illustrated in FIG. 4.

In the fourth preferred embodiment, the current flowing
through a series resonant capacitor is divided into two flows
into two capacitors. Thus, the loss caused in the capacitor can
be dispersed to reduce the overall loss, and generated heat is
dissipated.

Note that the capacitors Crl and Cr2 and the capacitors
Crs1 and Crs2 serve to hold a direct-current voltage and also
serve as capacitors for series resonance.

Fifth Preferred Embodiment

FIG. 8 is a circuit diagram of a switching power supply
device 105 according to a fifth preferred embodiment. In this
example, a capacitor Cc is disposed on the primary side so as
to define a voltage clamp circuit. The other components are
similar to those in the second preferred embodiment illus-
trated in FIG. 4.

In the switching power supply device illustrated in FIG. 8,
after the switching element Q1 is turned off, the voltage at the
primary winding np is charged in the capacitor Cc via a



US 9,106,141 B2

13

parasitic diode of the switching element Q2, that is, the volt-
age in the direction illustrated in FIG. 8 is charged. While the
switching element Q2 is turned on, the voltage (+V¢) charged
in the capacitor Cc is applied to a multi-resonant circuit. That
is, the input voltage Vi is converted into a square-wave volt-
age, and the square-wave voltage has a voltage amplitude
between +Vi and -Vc.

FIG. 9 illustrates the waveform of the voltage applied to a
multi-resonant circuit including the series resonant capacitor
Cr, the electromagnetic field coupling circuit 90, and the
series resonant capacitor Crs illustrated in FIG. 8. Here, the
solid line indicates the waveform in the case of the fifth
preferred embodiment, and the broken line indicates the
waveform in the case of the first to fourth preferred embodi-
ments. In this manner, in the first to fourth preferred embodi-
ments, the input power supply voltage to the resonant circuit
changes between +Viand 0V and has a voltage amplitude Vi,
whereas, in the fifth preferred embodiment, the input power
supply voltage largely changes from +Vi to —Vc¢ and operates
with a voltage amplitude (Vi+Vc). In addition, the voltage Vc
across the capacitor Cc included in the voltage clamp circuit
changes in accordance with the on-period proportion D,
which is the proportion of the conduction period of the
switching element Q1 in a switching period, and the output
voltage Vo can be controlled over a wide range. This means
that when the output voltage is constant, application to
changes in input power supply voltage over a wide range is
excellent. With the voltage clamp circuit configured in the
manner described above, the control characteristics with
respectto variation of the input voltage can be improved. That
is, even if the input voltage largely varies, a stable output
voltage can be achieved.

FIG. 10 is a diagram illustrating a relationship of the on-
time proportion D, which is the proportion of the conduction
period of the switching circuit S1 in a switching period, and
the on-period proportion Da, which is the proportion of the
conduction period of the switching circuit S2 to the conduc-
tion period of the switching circuit S1, with respect to the
output voltage Vo. Here, the solid line indicates the charac-
teristic curve of the on-period proportion Da, and the broken
line indicates the characteristic curve of the on-time propor-
tion D. In this manner, the output voltage is maximum when
the on-period proportion Da is Da=1 and when the on-time
proportion D is D=0.5.

Sixth Preferred Embodiment

FIG. 11 is a circuit diagram of a switching power supply
device 106 according to a sixth preferred embodiment. In this
example, a capacitor Cc is disposed on the primary side to
define a voltage clamp circuit. In addition, capacitors Cil and
Ci2 that divide the voltage at the input power supply Vi, and
capacitors Cis1 and Cis2 that divide the output voltage Vo are
provided. Furthermore, the magnetizing inductance of the
primary winding np is expressed as a circuit parameter. Here,
an equivalent mutual inductance Lm generated between the
primary winding np and the secondary winding ns of the
transformer T is illustrated, and the transformer T including
the primary winding np and the secondary winding ns is
illustrated as an ideal transformer. In a case where the trans-
former T is configured as an ideal transformer, the inductor
Lr, the inductor Lrs, and the capacitors Cp and Cs can be
provided as independent circuit elements. In addition, the
electromagnetic field coupling circuit 90 itself can be pro-
vided by an independent complex resonant transformer by
using a parasitic element of the transformer T. The other
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components are similar to those in the second preferred
embodiment illustrated in FIG. 4.

According to the sixth preferred embodiment, since the
input power supply voltage operates with a large voltage
amplitude from +Vi to —Vc, the control characteristics with
respect to variation of the input voltage can be improved. In
addition, since the input power supply Vi is divided into the
voltages at the capacitors Cil and Ci2, a current flows from
the input power supply Vi to the capacitors Cil and Ci2 in
both cycles during which the switching elements Q1 and Q2
are turned on and off. The effective value of the input current
is reduced, and conduction loss caused in the current paths in
the current paths is reduced. Furthermore, also for the current
flowing to the capacitors Cisl and Cis2, the current effective
value is reduced by the output voltage Vo, and conduction loss
is reduced.

Seventh Preferred Embodiment

FIG. 12 is a circuit diagram of a switching power supply
device 107 according to a seventh preferred embodiment. In
this example, a capacitor Cc is disposed on the primary side to
define a voltage clamp circuit on the primary side, and further
a capacitor Ccs is disposed on the secondary side to define a
voltage clamp circuit on the secondary side. The other com-
ponents are similar to those in the fifth preferred embodiment
illustrated in FIG. 7.

Inthe switching power supply device illustrated in FIG. 12,
the input voltage Vi is converted into a square-wave voltage,
and the square-wave voltage has a voltage amplitude between
+Vi and -Ve. In addition, since a negative voltage (Vcs) is
charged in the capacitor Ccs on the secondary side, an alter-
nating-current square-wave voltage to be applied to a syn-
chronous rectifier circuit defined by the switching elements
Q3 and Q4 has a voltage amplitude between +Vo and —Vcs. In
this manner, since the voltage amplitude is large, the control
characteristics with respect to variation of the output voltage
can also be improved. That is, the output voltage can be easily
adjusted over a wide range.

Eighth Preferred Embodiment

FIG. 13 is a circuit diagram of a switching power supply
device 108 according to an eighth preferred embodiment. In
this example, a primary-side alternating-current voltage gen-
erating circuit having a full-bridge circuit configuration
defined by four switching elements Q1, Q2, Q5, and Q6 is
provided. A secondary-side rectifier circuit having a bridge
rectifier configuration defined by four switching elements
Q3, Q4, Q7, and Q8 is further provided.

According to the eighth preferred embodiment, the volt-
ages to be applied to the switching elements Q1, Q2, Q5, and
Q6 on the primary side and the switching elements Q3, Q4,
Q7, and Q8 on the secondary side are reduced to half com-
pared to the first to seventh preferred embodiments, so as to
reduce the loss caused in the switching elements.

Ninth Preferred Embodiment

FIG. 14 is a circuit diagram of a switching power supply
device 109 according to a ninth preferred embodiment. In this
example, a resonant capacitor on the primary side is arranged
to be divided into two capacitors Crl and Cr2, and a resonant
capacitor on the secondary side is arranged to be divided into
two capacitors Crsl and Crs2. In addition, a primary-side
alternating-current voltage generating circuit having a full-
bridge circuit configuration defined by four switching ele-
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ments Q1, Q2, Q5, and Q6 is provided. A secondary-side
rectifier circuit having a bridge rectifier configuration defined
by four switching elements Q3, Q4, Q7, and Q8 is further
provided.

According to the ninth preferred embodiment, since the
voltage to be applied to each of the resonant capacitors Cr and
Crs illustrated in the first to third preferred embodiments and
the like is divided and applied to two capacitors, the loss
caused in the capacitors can be dispersed. In addition, the
voltages to be applied to the switching elements Q1, Q2, Q5,
and Q6 on the primary side and the switching elements Q3,
Q4, Q7, and Q8 on the secondary side are each reduced to
half] so as to reduce the loss caused in the switching element.

Note that the capacitors Crl and Cr2 and the capacitors
Crsl and Crs2 serve to hold a direct-current voltage and also
serve as capacitors for series resonance.

Tenth Preferred Embodiment

The foregoing preferred embodiments have been described
in the context of a switching power supply device including a
transformer as a component and used as a DC-DC converter,
by way of example. The following preferred embodiments
will be described in the context of a device that performs
power transmission between opposing devices in an electri-
cally non-contact manner, by way of example.

FIG. 15 is a circuit diagram of a switching power supply
device 110 according to a tenth preferred embodiment. In
FIG. 15, Lp denotes a power transmission coil on the power
transmission device side, and Ls denotes a power reception
coil on the power reception device side.

In this example, the inductor Lr illustrated in the first to
ninth preferred embodiments is preferably defined by an
equivalent leakage inductor of the power transmission coil
Lp, and the capacitor Cp illustrated in the first to ninth pre-
ferred embodiments is preferably defined by an equivalent
parallel capacitor between the windings of the power trans-
mission coil Lp. In addition, the inductor Lrs illustrated in the
first to ninth preferred embodiments is preferably defined by
an equivalent leakage inductor of the power reception coil Ls,
and the capacitor Cs illustrated in the first to ninth preferred
embodiments is preferably defined by an equivalent parallel
capacitor between the windings of the power reception coil
Ls. Furthermore, an equivalent inductance involved in mag-
netic field in the coupling power transmission coil Lp is
generated as the mutual inductance Lm, and an equivalent
capacitance involved in electric field coupling between the
power transmission coil Lp and the power reception coil Ls is
generated as the mutual capacitance Cm.

A parameter Ml illustrated in FIG. 15 denotes the mutual
coefficient of magnetic field coupling, and Mc denotes the
mutual coefficient of electric field coupling. A mutual coef-
ficient M for electromagnetic field coupling is provided by
combining magnetic field coupling (mutual coefficient Ml)
based on the mutual inductance and electric field coupling
(mutual coefficient Mc) based on the mutual capacitance.

As can be seen in FIG. 15, the switching power supply
device 110 used as a power transmission system has a sym-
metric topology between the input and the output. Thus, when
power is transmitted from the output unit of the secondary-
side rectifier circuit, the secondary-side rectifier circuit oper-
ates as a primary-side alternating-current voltage generating
circuit, and the primary-side alternating-current voltage gen-
erating circuit defined by the switching elements Q1 and Q2
operates as a secondary-side rectifier circuit. This also
enables power transmission with the relationship between
power transmission and power reception exchanged.
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For example, in a case where the load Ro is a rechargeable
battery or an accumulation capacitance or is a circuit includ-
ing its charge/discharge control circuit, power is transmitted
from the power transmission coil Lp to the power reception
coil s, so0 as to allow the rechargeable battery to be charged.
When a load circuit is connected to a portion to which the
input power supply Vi is connected in FIG. 15, the recharge-
able battery or the accumulation capacitance is used as an
input power supply, and power is transmitted from the power
reception coil Ls to the power transmission coil Lp.

According to the tenth preferred embodiment, the follow-
ing advantages are achieved.

A considerably simple power transmission system can be
provided.

A power transmission coil and a power reception coil are
arranged spaced away from each other, so as to provide a
wireless power transmission circuit system.

A two-way power transmission circuit system can be pro-
vided by replacing the transmission side and the reception
side.

Eleventh Preferred Embodiment

FIG. 16 is a circuit diagram of a switching power supply
device 111 used as an electric power transmission system
according to an eleventh preferred embodiment.

Unlike the circuit according to the tenth preferred embodi-
ment illustrated in F1G. 15, a parallel capacitor Cp is disposed
on the power transmission device side, and a parallel capaci-
tor Cs is disposed on the power reception device side. In this
manner, the parallel capacitors Cp and Cs serving as compo-
nents are provided, so as to allow arbitrary setting of a desired
resonant frequency on the power transmission device side and
a desired resonant frequency on the power reception device
side. Therefore, optimization can be easily performed.

Twelfth Preferred Embodiment

FIG. 17 is a circuit diagram of a switching power supply
device 112 used as an electric power transmission system
according to a twelfth preferred embodiment.

Unlike the circuit according to the tenth preferred embodi-
ment illustrated in FIG. 15, the resonant capacitor Cr is con-
figured to be divided into resonant capacitors Crl and Cr2,
and the resonant capacitor Crs is configured to be divided into
resonant capacitors Crs1 and Crs2, by way of example. With
this configuration, the current flowing through each of the
capacitors Cr and Crs is divided into two flows into two
capacitors. Thus, the loss caused in the capacitors can be
dispersed, and generated heat is also dissipated.

Note that the capacitors Crl and Cr2 and the capacitors
Crs1 and Crs2 serve to hold a direct-current voltage and also
serve as capacitors for series resonance.

Thirteenth Preferred Embodiment

FIG. 18 is a circuit diagram of a switching power supply
device 113 used as an electric power transmission system
according to a thirteenth preferred embodiment. In this
example, an alternating-current voltage generating circuit on
the power transmission device side is constituted by a full-
bridge circuit defined by four switching elements Q1, Q2, Q5,
and Q6. In addition, a rectifier circuit on the power reception
device side is constituted by a bridge rectifier circuit defined
by four switching elements Q3, Q4, Q7, and Q8. A parameter
M illustrated in FIG. 18 denotes the mutual coefficient of
electromagnetic field coupling provided by combining mag-
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netic field coupling based on mutual inductance and electric
field coupling based on mutual capacitance.

According to the thirteenth preferred embodiment, the
voltages to be applied to the switching elements Q1, Q2, Q5,
and Q6 on the power transmission device side and the switch-
ing elements Q3, Q4, Q7, and Q8 on the power reception
device side are reduced to half compared to the tenth to
twelfth preferred embodiments, so as to reduce the loss
caused in the switching elements.

Fourteenth Preferred Embodiment

FIG. 19 is a circuit diagram of a switching power supply
device 114 used as an electric power transmission system
according to a fourteenth preferred embodiment. In this
example, a capacitor Cc is disposed on the power transmis-
sion device side to define a voltage clamp circuit. The other
components are similar to those in the tenth preferred
embodiment illustrated in FIG. 15.

According to the fourteenth preferred embodiment, if the
negative voltage changed in the capacitor Cc is represented by
-Vc, the square-wave voltage generated on the power trans-
mission device side has a voltage amplitude between +Viand
-Vc, so as to improve the control characteristics with respect
to variation of the transmission direct-current voltage.

Fifteenth Preferred Embodiment

FIG. 20 is a circuit diagram of a switching power supply
device 115 used as an electric power transmission system
according to a fifteenth preferred embodiment. In this
example, a capacitor Ccs is disposed on the power reception
device side to also define a voltage clamp circuit on the
secondary side. The other components are similar to those in
the fourteenth preferred embodiment illustrated in FIG. 19.

In this example, the input voltage Vi is converted into a
square-wave voltage on the power transmission device side,
and the square-wave voltage has a voltage amplitude between
+Vi and -Vc. In addition, since a negative voltage (Vcs) is
charged in the capacitor Ccs on the power reception device
side, an alternating-current square-wave voltage to be applied
to a synchronous rectifier circuit defined by the switching
elements Q3 and Q4 has a voltage amplitude between +Vo
and —Vcs. In this manner, since the voltage amplitude is large,
the control characteristics with respect to variation of the
output voltage can also be improved. That is, the output
voltage can be easily adjusted over a wide range.

Sixteenth Preferred Embodiment

FIG. 21 is a circuit diagram of a switching power supply
device 116 used as an electric power transmission system
according to a sixteenth preferred embodiment. In this
example, a rectifier circuit on the power reception device side
is defined by rectifier diodes D3 and D4. With this configu-
ration, a one-way power transmission system in which a
power reception device has a simple configuration can be
provided.

Seventeenth Preferred Embodiment

FIG. 22 is a circuit diagram of a switching power supply
device 117 used as an electric power transmission system
according to a seventeenth preferred embodiment. In this
example, an alternating-current voltage generating circuit on
the power transmission device side is constituted by a full-
bridge circuit defined by four switching elements Q1, Q2, Q5,
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and Q6. In addition, a rectifier circuit on the power reception
device side is constituted by a diode bridge defined by recti-
fier diodes D3, D4, D7, and DS8.

According to the seventeenth preferred embodiment, a
one-way power transmission system can be provided. Inaddi-
tion, the withstand voltage of the rectifier diodes can be
reduced to half.

Eighteenth Preferred Embodiment

FIG. 23 is a circuit diagram of a switching power supply
device 118 used as an electric power transmission system
according to an eighteenth preferred embodiment. In this
example, mutual inductance that produces magnetic field
coupling between inductors Lp and Ls of a coil is represented
by MI, mutual capacitance that produces electric field cou-
pling between capacitors Cp and Cs is represented by Mc, and
mutual capacitance that produces electric field coupling
between capacitors Cr and Crs is represented by Mcr. Here, an
exemplary preferred embodiment in which an electromag-
netic field coupling circuit 90 is configured to include capaci-
tors Cr and Crs is illustrated.

According to the configuration of the eighteenth preferred
embodiment, an electromagnetic field resonant circuit is pro-
vided by appropriately setting the mutual inductance M1, the
mutual capacitance Mc, and the mutual capacitance Mcr, and
high-efficiency power transmission based on electromagnetic
field coupling can be performed.

While preferred embodiments of the present invention
have been described above, it is to be understood that varia-
tions and modifications will be apparent to those skilled in the
art without departing from the scope and spirit of the present
invention. The scope of the present invention, therefore, is to
be determined solely by the following claims.

What is claimed is:

1. A switching power supply device comprising:
an electromagnetic field coupling circuit including a primary
winding and a secondary winding;

a primary-side alternating-current voltage generating cir-
cuit including switching circuits connected to the pri-
mary winding, each of the switching circuits including a
parallel connection circuit which includes a switching
element, a diode, and a capacitor, the primary-side alter-
nating-current voltage generating circuit generating an
alternating-current voltage from an input direct-current
voltage;

a secondary-side rectifier circuit that rectifies the alternat-
ing-current voltage into a direct-current voltage;

a first resonant circuit on a primary side, the first resonant
circuit including a first series resonant inductor and a
first series resonant capacitor;

a second resonant circuit on a secondary side, the second
resonant circuit including a second series resonant
inductor and a second series resonant capacitor; and

a switching control circuit that alternately turns on and off
the switching elements of the primary-side alternating-
current voltage generating circuit with a dead time to
generate an alternating-current voltage having a sub-
stantially square or trapezoidal wave shape; wherein

the switching control circuit causes the switching elements
of the primary-side alternating-current voltage generat-
ing circuit to perform a switching operation at a switch-
ing frequency higher than a specific resonant frequency
at which impedance for a multi-resonant circuit
becomes minimum, the multi-resonant circuit being a
combination of the first resonant circuit and the second
resonant circuit which includes the electromagnetic field
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coupling circuit, so that a current flowing into the multi-
resonant circuit has a sinusoidal resonant current wave-
form that is delayed from the alternating-current voltage
generated from the primary-side alternating-current
voltage generating circuit and power is transmitted from
the primary side to the secondary side through the elec-
tromagnetic field coupling circuit in both on periods and
off periods of the switching elements;

the electromagnetic field coupling circuit defines an elec-

tromagnetic field resonant circuit in which magnetic
field coupling through mutual inductance and electric
field coupling through mutual capacitance are mixed
between the primary winding and the secondary wind-
ing; and

the first resonant circuit and the second resonant circuit

resonate with each other to allow power to be transmit-
ted from the primary side to the secondary side of the
electromagnetic field coupling circuit.

2. The switching power supply device according to claim 1,
wherein the switching control circuit makes the switching
frequency of the primary-side alternating-current voltage
generating circuit constant, and controls an on-period propor-
tion of the switching circuits to adjust an output power to be
obtained from the secondary-side rectifier circuit, where a
period during which current is conducted through each of the
switching circuits is represented by an on period and a
remaining period is represented by an off period.

3. The switching power supply device according to claim 1,
wherein the switching control circuit changes the switching
frequency of the primary-side alternating-current voltage
generating circuit to control an on-period proportion of the
switching elements to adjust an output power to be obtained
from the secondary-side rectifier circuit.

4. The switching power supply device according to claim 1,
wherein the secondary-side rectifier circuit stores voltages
generated in the secondary winding in the second series reso-
nant capacitor as electrostatic energy during the on periods or
the off periods or during both of the on periods and the off
periods, adds voltages generated in the secondary winding
during the respective on periods and off periods, and outputs
a sum of the voltages as a direct-current voltage.

5. The switching power supply device according to claim 1,
wherein one or both of the first series resonant capacitor and
the second series resonant capacitor is arranged to hold a
direct-current voltage.

6. The switching power supply device according to claim 1,
wherein a parallel resonant capacitor is provided in parallel to
the primary winding or the secondary winding.

7. The switching power supply device according to claim 6,
wherein the parallel resonant capacitor is defined by a stray
capacitance of the primary winding or the secondary winding.

8. The switching power supply device according to claim 1,
wherein the mutual capacitance is defined by stray capaci-
tance generated between the primary winding and the sec-
ondary winding.
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9. The switching power supply device according to claim 1,
wherein the first series resonant inductor or the second series
resonant inductor is defined by a leakage inductance of the
electromagnetic field coupling circuit.

10. The switching power supply device according to claim
1, wherein the mutual inductance is defined by magnetizing
inductance equivalently generated between the primary
winding and the secondary winding.

11. The switching power supply device according to claim
1, wherein the switching circuits are MOSFETs.

12. The switching power supply device according to claim
1, wherein a rectifying element that is included in the second-
ary-side rectifier circuit and that rectifies the alternating-cur-
rent voltage into a direct-current voltage is a MOSFET.

13. The switching power supply device according to claim
12, wherein when power is transmitted from an output unit of
the secondary-side rectifier circuit, the secondary-side recti-
fier circuit operates as the primary-side alternating-current
voltage generating circuit and the primary-side alternating-
current voltage generating circuit operates as the secondary-
side rectifier circuit such that two-way power transmission
occurs.

14. The switching power supply device according to claim
1, wherein the primary winding is a winding disposed on a
primary side of a transformer including a magnetic core, and
the secondary winding is a winding disposed on a secondary
side of the transformer.

15. The switching power supply device according to claim
1, wherein the primary winding is a power transmission coil
disposed in a power transmission device, and the secondary
winding is a power reception coil disposed in a power recep-
tion device arranged to face the power transmission device.

16. The switching power supply device according to claim
1, wherein the diode of the parallel connection circuit is a
rectifier diode and the capacitor of the parallel connection
circuit is a smoothing capacitor.

17. The switching power supply device according to claim
1, further comprising an insulation circuit arranged to feed
back a detection signal of an output voltage to be output from
the switching power supply device to the switching control
circuit.

18. The switching power supply device according to claim
1, wherein the secondary side rectifier circuit includes recti-
fier diodes.

19. The switching power supply device according to claim
1, wherein the secondary side rectifier circuit includes FET
switching elements.

20. The switching power supply device according to claim
1, further comprising capacitors arranged to divide the input
direct-current voltage, and capacitors arranged to divide an
output voltage.



